Birds are generally thought to have excellent vision with high spatial resolution. However, spatial contrast sensitivity of birds for stationary targets is low compared to other animals with similar acuity, such as mammals. For fast flying animals body stability and coordination are highly important, and visual motion cues are known to be relevant for flight control. We have tested five budgerigars (Melopsittacus undulatus) in behavioural discrimination experiments to determine whether or not stimulus motion improves contrast sensitivity. The birds were trained to distinguish between a homogenous grey field and sine-wave gratings of spatial frequencies between 0.48 and 6.5 cyc/deg, and Michelson contrasts between 0.7% and 99%. The gratings were either stationary or drifting with velocities between 0.9 and 13 deg/s. Budgerigars were able to discriminate patterns of lower contrast from grey when the gratings were drifting, and the improvement in sensitivity was strongest at lower spatial frequencies and higher drift velocities. Our findings indicate that motion cues can have positive effects on visual perception of birds. This is similar to earlier results on human vision. Contrast sensitivity, tested solely with stationary stimuli, underestimates the sensory capacity of budgerigars flying through their natural environments.
Introduction
Vision is thought to be one of the most important senses for birds, not the least for flight control and obstacle avoidance. To find a collision-free path through a cluttered environment, birds make use of optic flow cues (Bhagavatula et al., 2011) . Perception of object motion is therefore a key feature of flight.
Motion perception is very likely an achromatic visual task (Burton, 2000; Osorio, Miklosi, & Gonda, 1999) , and mediated by one class of cones in birds, the double cones. Their special engagement in motion vision has been suggested earlier (Campenhausen & Kirschfeld, 1998) , although the ultimate function of double cones is yet unclear (Bennett & Théry, 2007) .
In behavioural tests with stationary visual stimuli, birds were shown to have surprisingly low contrast sensitivity for achromatic gratings, compared to other vertebrates (Ghim & Hodos, 2006; Harmening et al., 2009; Lind & Kelber, 2011; Lind et al., 2012) . However, for understanding flight control, stationary stimuli are of nominal importance.
While it is known how moving patterns influence contrast sensitivity in humans (Barten, 1993; Kelly, 1979; Robson, 1966) contrast sensitivity for drifting gratings has been studied only rarely in birds. Chickens have been tested in optomotor experiments with large-field drifting gratings (Schmid & Wildsoet, 1998; Shi & Stell, 2013 ), but we are not aware of tests of spatial contrast sensitivity with small-field drifting stimuli in birds.
In this study we investigate the influence of motion on spatial contrast sensitivity in budgerigars (Melopsittacus undulatus). Budgerigars were chosen as model species because they have been shown to use optic flow for flight control (Bhagavatula et al., 2011) , and their contrast sensitivity has been determined with stationary stimuli before (Lind & Kelber, 2011; Lind et al., 2012) .
Methods

Animals
Five budgerigars (two females and three males) took part in the experiment. Their age varied between six months and seven years, and two of them had previous experience of behavioural experiments. The birds were fed on mixed seeds supplemented with minerals and vegetables -mainly iceberg lettuce and carrots -for vitamin sustenance. Birds were kept in cages of similar size (ca. 80 Â 45 Â 70 cm, length Â width Â height) in pairs in the same conditions as during at least half a year before experiments.
On experiment days, budgerigars were fed with seeds during the experimental sessions, at least twice a day. Additionally they received vegetables in their housing cages. Birds had a resting phase over the middle of the day -like budgerigars in natural environment (Wyndham, 1980) . On two days every week, when no experiments were performed, birds were allowed to eat seeds ad libitum. The experiments were performed during approximately five months.
Each animal was trained and tested in the experimental cage individually, but could always communicate with the other birds by vocalisations. The animals were kept in accordance with the ethical guidelines stated by the Swedish Board of Agriculture and the experiments were approved by the local ethical committee (permit number M 405-12).
Experimental set-up
We used the same experimental cage as in earlier studies (Lind & Kelber, 2011; see Fig. 1) . The cage had a length of 1580 mm, a width of 860 mm and a height of 670 mm and was made of grey metal mesh, except for grey Perspex panels that covered the floor and replaced the mesh at one of the short ends. At this short end, the grey panel had two windows for stimulus presentation, each 150 mm Â 150 mm in size and 250 mm apart from each other. 45 mm below each stimulus window, a grey feeder box with a lid and a landing perch was inserted into a small hole of 60 mm Â 95 mm.
The cage was partially divided by an opaque white plastic board, separating the stimuli windows up to a distance of 1268 mm. The budgerigars started stimulus approach from a perch 144 mm from the end of the dividing board. From the perch each stimulus window thus obtained a visual angle of 6.7°, with a distance between both stimuli of 11°.
The experimental cage was placed in a lightproof compartment and illuminated from above by four white light emitting diodes (LEDs; LZC-00NW40, LED Engin Inc., San Jose, USA), powered with a 175 W dual power supply (CPX200, Thurlby Thandar instruments Ltd., Huntingdon, England). To produce homogenous illumination, the LEDs were directed upwards, and light was reflected into the cage by wrinkled aluminium foil covering the entire area of the cage. The grey perspex board surrounding the stimulus windows had a luminance of 8-10 cd/m 2 , and a white standard placed on the cage floor in a 45°angle had a luminance of 125 cd/m 2 , measured with a radiometer (ILT1700 with detector SPM068-01, International Light). The birds were filmed with a video camera positioned on the end of the cage opposite to the stimuli, and observed by the experimenter on a separate monitor, invisible for the birds (see Fig. 1 ).
Stimulus presentation and behavioural procedure
Budgerigars were trained to discriminate a homogenous grey stimulus from sine-wave gratings (tilted 45°) of varying spatial frequency that were presented simultaneously. Flying into the right or left cage division was counted as a choice. Landing on the feeder under the homogenous grey stimulus was rewarded with access to food for 2-4 s, whereas flying to the grating had no consequences. After each trial both stimulus windows turned black again. The bird had to fly back to the starting perch and wait for the next stimulus presentation.
All stimuli were presented on a large colour LCD screen (EIZO SX3031W-H) using a modified script from psychotoolbox3 (version 3.0.10, http://psychtoolbox.org) in matlab (version 7.12.0.635, The MathWorks Inc.). We tested the birds with sine-wave gratings of five spatial frequencies: 0.48, 0.95, 1.9, 4.7, 6.5 cyc/deg. At each frequency Michelson contrast C varied between 99% and 0.7%. Michelson contrast is given as
where I max and I min are the maximal and minimal intensities of the grating (Michelson, 1927) . The mean stimulus luminance was 63 cd/m 2 , and gratings were presented either stationary or drifting.
Measurements of stimulus luminance and cage illumination were repeated on a regular basis, and no changes were detected throughout the experimental period. Experiments started with a frequency of 1.9 cyc/deg, because budgerigars were known to be most sensitive for stationary pattern of spatial frequencies between 1 and 2 cyc/deg (Lind & Kelber, 2011) , and gratings were presented either stationary or drifting. We presented the rewarded homogenous stimuli in two shades of grey with approximately 20% lower and 20% higher intensity than the unrewarded stimuli, in an equal number of trials, to make sure that the animals could not use brightness to make a decision.
We first tested each spatial frequency with drifting stimuli, then with stationary stimuli, followed by additional experiments with faster or slower drift velocities. Some of the earliest tests were repeated in the end to test for possible learning effects during the experimental period.
Drift velocity varied between 0.9 and 13 deg/s, which results in contrast frequencies between 1.5 and 9.1 cyc/s. Contrast frequency describes the ratio of angular velocity (deg/s) of a moving pattern and the spatial wavelength (1/spatial frequency) (deg), and thus defines the number of grating cycles passing a given point in space per second (see, e.g. Eckert & Hamdorf, 1981) .
The LCD screen did not allow us to test high frequency gratings drifting at high velocities due to restrictions in spatial and temporal resolution. Table 1 shows which velocities and spatial frequencies were used.
For each bird, we created testing series of 20 trials with five different contrasts, allowing for reliable fit of psychometric functions. The order of unrewarded patterns and the side of presentation were varied pseudorandomly (Gellerman, 1933) , such that rewarded stimuli appeared in no more than three consecutive trials on the same side, and equally often on the left and right sides.
A bird was tested with between two and four series a day. After finishing 10 series with a total of 200 trials, which is 40 trials for each contrast, spatial frequency or drifting velocity were changed. Before tests with a new spatial frequency were started, each bird had to reach 80% correct choices in two consecutive training series of 20 trials with high contrast gratings to favour similar preconditions.
Data analysis
Contrast threshold values were estimated by fitting a logistic function to the pooled data of all five birds using the Palamedes toolbox (version 1.6.2, Prins & Kingdom, 2009) in matlab:
where w is the correct choice frequency at stimulus contrast x, c is the lower asymptote of the psychometric function (fixed to 0.5), k is the lapse rate, i.e. the difference between the upper asymptote and 1 (limited to vary between 0 and 0.2), and a and b are unrestricted fit parameters. To estimate the accuracy of the fitted function, we used a non-parametric Bootstrapping procedure (500 simulations) with Palamedes toolbox in matlab.
As in earlier test of contrast sensitivity in budgerigars (Lind & Kelber, 2011) , we set the threshold to 72.5% correct choices, which corresponds to the choice frequency that is significantly different from random behaviour (one-sided binomial distribution, n = 40, p < 0.005). To describe the contrast sensitivity as a function of spatial frequency, we fitted a double-exponential function with a non-linear least square procedure to the data as suggested by Uhlrich, Essock, and Lehmkuhle (1981) :
where S(m) is the contrast sensitivity for the spatial frequency m, and K, a and b are free fitting parameters.
A two-way ANOVA was used in matlab to determine whether spatial contrast sensitivities for stationary and drifting gratings were significantly different.
Results
Learning performance
All birds learned the discrimination task with high-contrast gratings rapidly and made between 90% and 100% correct choices with stationary and drifting patterns of 1.9 cyc/deg. Training the animals to gratings of lower and higher frequencies required slightly more time and lapse rates were higher, but all five birds met the criterion of 80% correct choices in two consecutive trials and could be tested with lower contrasts.
Inter-individual variation was generally not very large, although three birds (Milou, Lucky and Bud) performed slightly better during all experiments (see Supplementary material, Tables S1 and S3). Fig. 2 shows the mean performance of all budgerigars in contrast threshold experiments with stationary stimuli of spatial frequencies between 0.48 and 6.5 cyc/deg. The lowest threshold was 7.1% Michelson contrast with a spatial frequency of 1.9 cyc/ deg, corresponding to a contrast sensitivity of 14. Thresholds for the lowest and highest tested spatial frequency were 19% and 61% contrast, respectively (see Supplementary material, Table S2 ).
Contrast thresholds for stationary stimuli
Contrast thresholds for drifting stimuli
With drifting stimuli we found the lowest threshold with a drift velocity of 3.2 deg/s (6 cyc/s) at a spatial frequency of 1.9 cyc/deg (Fig. 3) . The mean threshold of all birds for this conditions was 5.8% Michelson contrast and a contrast sensitivity of 17.4, compared to the threshold of 7.1% with stationary stimuli. Two budgerigars had a threshold below the average, discriminating 4.4% Michelson contrast, and a corresponding contrast sensitivity of 22.5 (Lucky and Milou; see Supplementary material, Table S1 ).
Increasing drift velocity (and contrast frequency) led to significantly higher contrast sensitivity for patterns of all tested spatial frequencies (Fig. 4 , p < 0.05, see ANOVA, Supplementary material, Table S3 ), except for 1.9 deg/s, where one bird surprisingly had a lower threshold with the stationary patterns.
The largest differences were seen with very low and very high spatial frequencies. The threshold for the lowest spatial frequency was 6.6% Michelson contrast with a drift velocity of 12.6 deg/s (6 cyc/s), compared to 19% contrast with the stationary pattern. The threshold for the highest spatial frequency was 42% contrast, with a drift velocity of 0.9 deg/s (6 cyc/s) and 32% contrast with a higher velocity of 1.4 deg/s (9.1 cyc/s), compared to 61% contrast with stationary stimuli (see Supplementary material, Table S2 ).
Discussion
Our investigations show that stimulus motion significantly improves contrast sensitivity of budgerigars for achromatic gratings at spatial frequencies between 0.48 and 6.5 cyc/deg ( Figs 3 and 4) . The maximum sensitivity for any of the drifting gratings was 17, for gratings with a spatial frequency of 1.9 cyc/deg and a drift velocity of 3.2 deg/s (6.1 cyc/s). . The only bird, for which higher contrast sensitivity has been determined, was one American kestrel (31, Hirsch, 1982) . Among mammals, many species have higher contrast sensitivity (see Lind et al., 2012 ; for a list and references) and primates show the highest values (see Barten, 1999 , for a list and references; Burr & Ross, 1982; De Valois, Morgan, & Snodderly, 1974) . All these species were tested with stationary stimuli.
Contrast sensitivity of budgerigars for stationary stimuli
In our experiments with stationary stimuli we found higher maximum contrast sensitivity (Fig. 5) , compared to the earlier study. The interpolated contrast sensitivity maximum in our data is 13.3, for a spatial frequency of 1.7 cyc/deg, while Lind and Kelber (2011) is similar to the anatomically determined spatial resolution in the area centralis of the budgerigar (6.9 cyc/deg; Mitkus et al., 2014) , which is looking laterally. Although our experimental conditions were similar to those described by Lind and Kelber (2011) , four parameters differed between the studies: (i) we used a slightly higher stimulus luminance of 63 cd/m 2 compared to 50 cd/m 2 , (ii) instead of square-wave gratings we presented sine-wave gratings, (iii) we used different birds, and (iv) the angular size of the stimuli was 6.7°, compared to 3.6°in the earlier study. If the difference in stimulus luminance had an effect we would expect a shift of maximum sensitivity towards higher frequencies (chicken: Jarvis et al., 2009; human: Kelly, 1977) , and with the use of sine-wave instead of square-wave gratings, we would expect lower sensitivity for low spatial frequencies (De Valois & De Valois, 1990 ). However, we observed neither of these effects, but rather we found trends in the opposite directions.
We cannot exclude differences in visual capabilities of the experimental animals in this and the previous study. Studies in budgerigars and Bourké s parrots indicate a relatively high interindividual variation of performance in behavioural studies (Lind et al., 2012) and this is in line with our findings. Two of our birds (Milou and Bud) also participated in the earlier study (Lind & Kelber, 2011) . In the present experiments, both birds have higher maximum contrast sensitivity for stationary gratings but slightly lower extrapolated spatial resolution, which may indicate that other factors have influenced experimental performance.
Finally, changes in stimulus size are known to modify contrast sensitivity (chicken: Jarvis et al., 2009; human: Cohen, Carlson, & Cody, 1976) . Jarvis et al. (2009) found improved contrast sensitivity in chicken as grating size was increased from 7.6°to 32°of visual angle, especially for low spatial frequencies. Our findings in budgerigars look very similar (Fig. 5) , letting us assume that larger stimulus size is the main reason for the higher contrast sensitivity that we observed, compared to the earlier study.
Stimulus motion improves contrast sensitivity
We found a general improvement of contrast sensitivity for drifting gratings at all spatial frequencies (Fig. 4A ), but the greatest improvement was found at low spatial frequencies.
Results in humans show that stimulus motion improves contrast sensitivity selectively at lower spatial frequencies so that the contrast sensitivity function is shifted towards lower frequencies without any change in form or peak frequency (Burr & Ross, 1982) . This means that in humans, unlike in budgerigars, lower contrast sensitivity for high spatial frequencies was found with moving stimuli, compared to stationary stimuli, likewise at slow and fast drift velocities (1-800 deg/s). To further investigate these similarities (low-frequency bias) and differences (contrast sensitivities for high frequencies with moving stimuli) in birds and humans, more experiments are needed.
Contrast frequency (cyc/s) is assumed to be more adequate to describe motion detection of the visual system than drift velocity (deg/s) (e.g. human : Breitmeyer, 1973; Burr & Ross, 1982; Kelly, 1979; Tolhurst, Sharpe, & Hart, 1973) . Thus, we included both dimensions in our data analysis. At a contrast frequency of 6 cyc/s we found higher sensitivities at all spatial frequencies, compared to experiments with lower contrast frequencies (Fig. 4B) . A bird experiences this contrast frequency when flying at 12 m/s and passing a row of trees in a distance of 6 m, that Table 1 , bold letters). are 1 m wide and equally spaced. For humans a contrast frequency of 6 cyc/s is suggested as optimal for all spatial frequencies (Tolhurst, 1973) . However, we could not test higher drift velocities, and we did not look for an optimal contrast frequency in this study. Thus, its existence is merely speculative until now. Further experiments with higher drift velocities would be necessary. Our results show that contrast sensitivity, tested solely with stationary stimuli, likely underestimates the sensory capacity of budgerigars flying through their natural environments. Although they may not discriminate as small details as predators with their higher spatial resolution (Gaffney & Hodos, 2003; Hirsch, 1982) , budgerigars are capable of effective collision-avoidance and control of take-off and landing (Bhagavatula et al., 2011) . Having higher contrast sensitivity for moving objects (present study) and better visual skills for motion perception, compared to poor response to steady state stimuli (Jarvis et al., 2001) , may help them to deal with these complex situations.
Together with budgerigars' ability to use optic flow cues for observing and regulating flight velocity in narrow passageways (Bhagavatula et al., 2011) , these adaptions may contribute to sufficiently good vision for a flying animal. Whether higher contrast sensitivity in some individuals or, more generally spoken, in some species of birds directly affects their abilities during flight, for example in allowing a higher maximum flight speed, would be interesting to examine.
Mechanisms of motion processing and response to drift velocity
It would also be interesting to understand the neural pathways underlying the observed behaviour. In pigeons, the existence of at least two neural pathways, dealing with motion vision, has been demonstrated: (i) the accessory optic system and (ii) the tectofugal system. The accessory optic system is known to analyse large-field motion resulting from self-motion (Frost, Wylie, & Wang, 1990; Pakan & Wylie, 2006; Wylie, 2013) , and thus helps to control body posture and locomotion (Frost, Wylie, & Wang, 1990) . In addition the nucleus of the basal optic root, a component of the accessory optic system, is responding to slowly drifting pattern between 1 and 5 deg/s (Frost, Wylie, & Wang, 1990) . The tectofugal system appears to be specialized for the analysis of object motion. In pigeons moderate to fast object motion is processed by the tectofugal system (Bischof & Watanabe, 1997; Frost, Wylie, & Wang, 1990) .
Until now the contrast sensitivity of neural pathways for motion vision has not been studied intensively in birds. In pigeons, neurons in the nucleus of the basal optic root responded to movement of large-field gratings with a spatial frequency of 0.1 cyc/deg, even when tested with contrasts as low as 5% (Wolf-Oberhollenzer & Kirschfeld, 1994) , giving evidence for good contrast sensitivity, similar to the present study.
In the present experiments, budgerigars were required to react to motion in small-field stimuli while sitting on a starting perch. They could change body position and direction of view at any time. Thus, the experimental setup does not provide a sufficient basis to allow us a statement about the pathways that may have controlled the behavioural response of our birds. Additional experiments are needed to understand the neural basis of the differences discovered in our study.
Conclusions
The results of our study with drifting stimuli strongly support the hypothesis that motion influences contrast sensitivity in birds. Perched, but freely moving birds, discriminate drifting gratings better than stationary gratings at all tested spatial frequencies.
However, there is a large difference between this experimental condition and the whole-field motion perceived by a flying animal. To better understand the actual visual capabilities of a flying bird further investigations, for instance with birds flying in a wind tunnel, are required.
